Solder joints between a package and a printed wiring board (PWB) of a portable electronic device sustain heat cycling as a result of power on-off operations, cyclic bending by key pad operation, and impact bending by dropping. Therefore, heat cycling, cyclic bending, and cyclic impact bending tests were conducted on the ball grid array solder joints between a chip scale package and a PWB. The evaluated solders were Sn-3Ag-0.5Cu and Sn-37Pb. The tests showed that the life cycles of the Sn-3Ag-0.5Cu solder joints for the heat cycling and cyclic bending tests were approximately twice those of the Sn-37Pb solder joints. For the cyclic impact bending test, however, the life cycle of the Sn-3Ag-0.5Cu joint under large strain was smaller than that of the Sn-37Pb solder joint because of interfacial crack growth between the solder and the PWB. Finally, fatigue lives of the joints were compared with crack initiation and failure lives of plain specimens by calculating local strain ranges in the joints by elastic-plastic finite element analysis.
Fatigue Strength of BGA Type Solder Joints between Package
and Printed Wiring Board of Portable Device
Introduction
Semiconductor packages in portable electronic devices have been miniaturized to reduce device size and weight. Consequently, applications have spread rapidly for soldered joints with a ball grid array (BGA) type mount using small solder balls. To improve structural reliability of the solder joints between packages and printed wiring boards (PWB) of portable electronic devices, it is necessary to estimate durability of the solder joints under thermal cycle loads due to power-on and power-off operations, cyclic bending loads due to key pad operation, and cyclic impact shock loads due to dropping. Therefore, the authors have been developing a method to evaluate the structural reliability of the BGA solder joint under these load conditions. From the viewpoint of environmental protection, in recent years, Sn-37Pb solder has been replaced by Pb-free solder. Comparative studies of mechanical fatigue life and thermal cycle fatigue life for both Sn-37Pb solder and Pb-free solder have been done (1) - (10) . Crack propagation was observed at an intermetallic compound layer between the interface of solder and its pad for the Sn-Ag-Cu and Sn-Ag-Bi systems (1) , (2) . However, these results depended on such conditions as the mounting temperature, the package shape, and the bump size, etc. Therefore, in this paper, the authors conducted heat cycling, cyclic bending, and cyclic impact bending tests of the BGA joints of Sn-37Pb and BGA joints of Sn-3Ag-0.5Cu between a chip scale package (CSP) and a PWB to clarify fatigue life of the BGA joints. Test results gave the location of crack occurrence and then relationships between fatigue life and solder materials were examined. Fatigue of BGA joints was estimated from plain specimen fatigue data (10) . However, because sizes of BGA joints are much smaller than plain specimen sizes and there is a large stress gradient, a reference strain for BGA solder joints was evaluated by using mean strain at a certain depth (0.02 mm (3) , 0.05 mm (5) ). The effectiveness of this technique was also examined in this paper, and fatigue life of the BGA joint solders was evaluated by using crack initiation life of a plain specimen. Figure 1 shows test specimen sizes and ball layout. Each test specimen was a PWB (100 mm × 50 mm × 0.8 mm) on which a CSP (7 mm × 11 mm × 0.96 mm) was mounted using 0.45 mm diameter solder balls. The chip in the package was 6 mm × 6 mm × 0.28 mm and there were 72 solder bumps. Two kinds of solder were used: Sn-37Pb eutectic solder and Sn-3Ag-0.5Cu Pb-free solder. Table 1 gives their chemical compositions. Figure 2 shows test specimen wire connection which was a daisy chain connection with a wire connection of the package and PWB Table 1 Chemical composition of the test materials Fig. 2 Wiring of the package and PWB in series. Solder breaks could be detected by measuring applied voltage or value of resistance. Solder bumps were used in the package corners for reinforcement. These corner bumps were not included in the daisy chain connection because they did not affect package performance.
Specimens and Tests

1 Test specimens
2 Heat cycling test
Twenty-one test specimens were examined for each solder, Sn-37Pb and Sn-3Ag-0.5Cu. Figure 3 shows the wave shapes for temperature of the thermostatic chamber. The maximum temperature was 125
• C and the minimum temperature was −55
• C. Temperature in the chamber was raised for 300 s and held for 600 s at the maximum temperature; then it was lowered for 300 s and held for 600 s at the minimum temperature. Test specimens were taken out of the thermostatic chamber every 50 to 200 cycles and resistance of the daisy chain connection was measured at room temperature. A test specimen was judged to have failed when the measured resistance was two or more times larger than the initial resistance. At that time, a crack was thought to penetrate through a the solder ball at the corner of the specimen. It seemed that the solder ball had almost disconnected under the high temperature condition when the crack penetrated. Figure 4 summarizes features of the cyclic bending test. It was conducted by using displacement control in a three point bend test of a 50 mm span. Displacement was applied so that pulsating tensile stress occurred on the package side. The specimen was fixed at 2 fulcrums on the top and the bottom side. Cyclic displacement amplitude was from 0.45 mm to 2.0 mm using a triangle wave. The bend strain range of the specimen was measured with the strain gauge of G.L. = 1 mm, which was attached in the longitudinal direction at near a package corner. A constant current was applied to the daisy chain wire connection and the voltage was continuously measured during the bending test. The number of cycles when this voltage became 1/2 of the initial voltage was assumed to be the number of cycles to failure of the test specimen because of crack propagation in any solder bump. 
3 Cyclic bending test
4 Cyclic impact bending test
Drop tests of the substrate on which a package is mounted (11) , (12) and steel ball drop tests (13) which generate an impact strain in the substrate are commonly used to evaluate impact strength of a solder joint. For this study, the cyclic impact bending test was used as shown in Fig. 5 . In this test, a rod was dropped onto a central position of the specimen to generate an impact strain and the number of cycles to failure was evaluated. The specimen was fixed on the stage using a rubber support and the length between the supports was 50 mm. The dropped rod had a mass of 150 g and the rod was dropped at heights from 75 to 200 mm. This test method generated a larger strain than when a portable device falls from 1.5 m -2 m. The rod was kept at the desired drop height by an electromag- net. When the power supply to the electromagnet was cut, the rod fell freely until it hit the test specimen and bent it. To avoid rehitting by the rod after the first hit, the test bench had a sensor-activated unique rod-holdingmechanism. The resistance between the package and the substrate was continuously measured during the impact bending test. The number of cycles to failure of the specimen was assumed to be when the resistance increased to twice the initial value. The bend strain range of substrate was also measured with a strain gauge, which was attached in the longitudinal direction near a package corner like in the cyclic bending test (Fig. 4) . Figure 6 shows an example strain waveform from the cyclic impact bending test. A large strain was observed when the dropped rod hit, and it rapidly decayed afterwards. The strain range was assumed to be the difference between the maximum and the minimum values in this strain waveform. Figure 7 shows the relationship between the cumulative failure rate and the number of cycles to failure of both solder materials in the heat cycling test. The tests were terminated at 3 800 cycles for the Sn-3Ag-0.5Cu solder and at 3 100 cycles for the Sn-37Pb solder. The number of cycles to failure for the cumulative failure rate of 50% was 2 400 cycles for Sn-37Pb and 4 000 cycles for Sn-3Ag-0.5Cu. The Sn-3Ag-0.5Cu solder has about 1.7 times longer life than the Sn-37Pb solder. The results of Taniguchi et al. (6) results also had the same tendency. Cracks propagate in both types of solder in the test. Therefore, there is no difference in the cumulative failure rate of both solders. The variation in fatigue life of Sn-3Ag-0.7Cu is larger than that of Sn-37Pb. Failures in solder and failures at the interface of the pad and solder were also reported to occur in the heat cycling test of Sn-3Ag-0.7C 
Test Results
1 Results of heat cycling test
2 Results of cyclic bending test
Failure in solder also occurs in the cyclic bending test. The relationship between strain of the PWB and number of cycles to failure is shown in Fig. 8 for both solders. The log-log graph has a linear relation. The number of cycles to failure of the Sn-3Ag-0.5Cu solder is two to three times more than for the Sn-37Pb solder. This tendency was also observed in the heat cycling test. The Sn-3Ag-0.5Cu solder has three to four times longer fatigue life than the Sn-37Pb solder in the low cycle fatigue test of a plain specimen as shown later in Fig. 18 . Nishimura et al. (7) obtained a similar result where the strain range was small. They reported that the tendency might be reversed for a large strain range, because interfacial failure occurred and fatigue life became extremely short. In the shear fatigue test done by Yu (2) , the Sn-Ag-Bi b system showed interfacial failure though the Sn-Ag-C system showed failure in solder. This was because stress rose with yield point height. Figure 9 shows the relationship between the stress range of substrate and number of cycles to failure in the cyclic impact bending test. The fatigue life of Sn-3Ag-0.5Cu solder is shorter than that of Sn-37Pb solder for large strain, differing from the heat cycling and cyclic bending test results. However, the fatigue life of Sn-3Ag-0.5Cu solder is almost the same as Sn-37b solder for strain of 0.5% or less.
3 Results of cyclic impact bending test
4 Comparison between cyclic bending and cyclic impact bending test results
Test results of cyclic bending and cyclic impact bending are shown in Fig. 10 . The results for Sn-37Pb solder from both cyclic bending and cyclic impact bending tests (8) are on the same line. But for Sn-3Ag-0.5Cu solder, fatigue life of the cyclic impact bending test is lower than that of the cyclic bending test.
To clarify the cause, a solder joint cross section was observed for specimens of both solder types after both cyclic bending and heat cycling tests. The crack has progressed inside both solder materials in both tests. This result is the same as seen for the impact bend test specimen of the Sn-37Pb solder shown in Fig. 11 (a) . In the Sn-37Pb solder specimen of the impact bending test, the crack propagated inside the solder. For Sn-3Ag-0.5Cu solder, the crack propagated in the alloy layer at the interface of the solder and pad as shown in Fig. 11 (b) . In general, the faster the strain speed becomes, the higher the stress rises (1) . The relationship between cyclic stress and stress in Fig. 12 shows that the stress in Sn-3Ag-0.5Cu solder is higher than in Sn-37Pb solder in spite of some influences of creep (8) . It is concluded that stress at the interface became excessive in Sn-3Ag-0.5Cu solder under the impact bending test, destruction was caused on the field side, and the fatigue life was shortened qualitatively. A better comparison should be made by using stress of the interface calculated by the analysis that takes the stress-change according to time into consideration and by using yield stress at the fast strain speed. Fatigue life of impact bending depends on conditions of the strain speed, formation of intermetallics at the interface, and interface stress (14) .
Local Stress and Estimation of Fatigue Life
Fatigue life was evaluated by using the PWB strain obtained in section 3. Semiconductor packages are used for various BGA structures and substrates, so a fatigue life evaluation method, which is universally applicable, would be preferable. Therefore, solder strain was calculated by using elastic-plastic finite element analysis under the conditions of the heat cycling and cyclic bending tests and number of cycles to failure of BGA solder was evaluated with number of cycles to failure of a plain specimen test (8) , (9), (15) . Finite element analysis meshes of twodimensional plain stress were used which model the right half of the longitudinal direction section in the center part of the test piece shown in Fig. 1 . Because the yield stress of solder is low, the two-dimensional analysis should have good agreement with actual solder behavior though actual solder is spherical. Figure 13 shows the finite element model for the analysis. Tables 2 and 3 show material properties. The crack initiated at a corner fillet that was located between the solder and the pad. The radius of the fillet was about 0.006 mm on the average. The finite element model has a fillet radius of which is 0.006 mm and the minimum element size is 0.005 mm as shown in Fig. 13 . Kinematic hardening law was applied to the analysis. Figure 14 shows the analysis steps. In the analysis for the cyclic bending test, the bend displacement is applied in step 1, displacement is set to 0 in step 2, and the same displacement as step 1 is applied in step 3. In the analysis for the heat cycling test, temperature is varied from 25
• C to −55 • C in step 1, the temperature is raised at 125 • C in step 2, and the temperature is decreased to −55 • C again in step 3. Figure 15 shows deformation in steps 3 and 2 under the bend displacement of 20 mm and the distribution contour plot for the strain ε yy which is in the vertical direction in step 3. Figure 16 shows deformation at −55
• C and 125
• C for the heat cycling test conditions and the distribution contour plot for strain ε yy at −55 • C. The strain concentrates at the region is located 0.05 mm from the edge and it has a big gradient. In both analyses, maximum strain ranges occur at the corner fillet between solder and substrate, which is at the solder balls at the edge. Table 2 Elastic properties of materials
The cyclic strain ranges in both tests were assumed to be the difference between steps 3 and 2. We used the maxi- mum cyclic strain range at the solder surface and the mean value of strain range of the solder between 0.02 mm and 0.07 mm in depth for estimation in Fig. 13 . The von Mises equivalent strain range was calculated with the difference of the component strain in each direction in steps 3 and 2. The strain of the analysis and the strain of the substrate agree with the measured strain in the cyclic bending test. Figure 17 shows the relationship between strain range of PWB surface and equivalent strain in solder and the maximum strain and the mean value for the 0.02 mm depth in solder. Since the cyclic bending test used a displacement control there are no differences in the solder strain in Sn-3Ag-0.5Cu and Sn-37Pb whose strength are different. Figure 18 (a) shows the relationship between maximum equivalent strain range and number of cycles to failure in the cyclic bending test. The number of cycles to failure of a cylindrical plain specimen (15 mm in the diameter, 2 mm in thickness) is also shown in the figure (8) , (9) . The difference between the strains of Sn-37Pb and Sn-3Ag-0.5Cu solders in the heat cycling test is large. This is because the yield stress of the Sn-3Ag-0.5Cu solder is higher than that of the Sn-37Pb solder and because the plastic strain area is small. The fatigue lives in both test, which are evaluated by using the maximum strain range, are longer than fatigue lives of the plain specimen. The difference is due to a difference in the crack propagation life. The difference of the crack propagation life is caused by the specimen size difference between the BGA solder and the plain specimen. Because the plain specimen is larger, taking crack propagation life into consideration, fatigue life is estimated to be longer. On the other hand, because BGA solder strain has a large gradient, the fatigue life is long in the evaluation using the maximum strain range at the BGA surface. Therefore, the long-lived effect of crack propagation life of a large size of the plain specimen was lower than the long-lived effect of large strain gradient in the solder. The mean values of the strain range of solder of 0.02 mm (3) and 0.05 mm (4) in depth are used for fatigue life evaluation so far. The average strain range of the solders of 0.02 mm and 0.05 mm in depth were examined in this research. The fatigue life evaluation method using the average strain range of 0.02 mm in depth shows a good agreement with fatigue life of the plain specimen (Fig. 18 (b) ).
The fatigue fracture is caused by initiation of cracks of a few microns in length and their propagation. Therefore, as another evaluation method, a method was applied which compares fatigue life of a minute solder bump with fatigue life of crack initiation in a plain specimen. Figure 19 shows the relationship between the number of cycles when the crack of 0.1 mm in length is initiated and the number of cycles to failure of the Sn-37Pb plain specimen of 10 mm diameter at 150
• C (10) . The former is 1/20 to 1/10 shorter than the latter. There is a small difference between the fatigue lives at room temperature (9) and 150 • C (15) . The fatigue life when the crack of 0.1 mm length is initiated in the plain specimen is almost the same as the fatigue life evaluated by the average strain range of the solder in the 0.07 mm depth as shown in Fig. 19 . The fatigue life of 
Summary
To evaluate the fatigue life of solder of BGA, the cyclic bending test, cyclic impact bending test, and heat cycling test were done using specimens in which a substrate was mounted by BGA with Sn-37Pb solder or Sn3Ag-0.5Cu solder. The fatigue life of solder of BGA was also evaluated by using the elastic-plastic finite element analysis and the fatigue life of the plain specimen.
( 1 ) Cyclic bending fatigue life of the Sn-3Ag-0.5Cu solder was two to three times longer than that of Sn37Pb. Thermal fatigue life of Sn-3Ag-0.5Cu was 1.7 times longer than that of Sn-37Pb. A similar tendency was observed in low cycle fatigue of a plain specimen.
( 2 ) Impact bending fatigue life was the same as cyclic bending fatigue life for the Sn-37Pb solder. However, the fatigue life was shorter at large strain for the Sn3Ag-0.5Cu solder. It was because cracking of Sn-3Ag-0.5Cu solder occurred at the interface of the solder and pad.
( 3 ) The strain range of the crack initiation point was calculated by using the finite element model of the BGA joint which simulated the cyclic bending test. The calculated strain was used to evaluate the fatigue life of BGA; the fatigue life evaluated by using the maximum strain was longer than the plain specimen result and the fatigue life evaluated by using mean strain at the solder of 0.02 mm in depth agreed with the plain specimen result. The fatigue life evaluated by using mean strain value at the solder of 0.07 mm in depth was the same as te fatigue life when a crack of 0.1 mm length was initiated in the plain specimen.
